Abstract. The influence of different structural parameter on the stiffness characteristics of hydro-pneumatic suspension system has been simulated with MATLAB/Simulink software. The simulation results indicate that the hydro-pneumatic suspension system has the nonlinear stiffness characteristics. The dynamic stiffness is greater than the static stiffness in the same displacement, and the dynamic stiffness changes faster with the displacement. The stiffness of hydro-pneumatic suspension cylinder decreases with the increase of the initial air volume and the diameter of the piston rod.
Introduction
The hydro pneumatic suspension system has excellent nonlinear stiffness and damping characteristics. It can meet the engineering vehicle demand because of its good vibration reduction characteristics. And it is more and more widely used in the engineering vehicles [1, 2] . It directly affect the vehicle ride comfort, handling and stability [3, 4] . The influence of different structure parameters of hydro pneumatic suspension on damping and stiffness characteristics is of great significance for the reasonable design of the hydro pneumatic suspension system [5, 6, 7] . . This paper mainly carries on he stiffness characteristics of the hydro pneumatic suspension system. Fig. 1 shows the structure of the single air chamber hydro-pneumatic suspension [8] . There are three chambers, A, B and C, which are composed of cylinder 3 and piston rod 5. Chamber A is filled with high-pressure nitrogen gas. Chambers B and C are full of the hydraulic oil. While damping hole 1 and check valve 4 are located on the wall of piston rod, which make chambers B and C connected.
Stiffness calculation of hydro pneumatic suspension system
1-damping hole, 2-floating piston, 3-cylinder, 4-check valve, 5-piston rod Fig.1 . Structure of the single air chamber hydro-pneumatic suspension system When the hydro-pneumatic suspension cylinder is under the effect of external excitation signal, it will produce the relative motion between the piston rod and cylinder. The force of the hydro-pneumatic suspension cylinder is composed of the pressure difference between chambers B and C and the friction between the piston rod and cylinder [9] . Because the hydraulic cylinder is in a state of vibration and good lubrication, the influence of friction can be ignored. Assuming that the piston rod is fixed, the excitation signal is positive upward direction. So the output force of the piston rod can be expressed as [10] :
(1) Where F is the force produced by the piston rod; P 2 and A 2 are the oil pressure and cross-sectional area of B cavity; P 3 and A 3 are the oil pressure and cross-sectional area of C cavity.
The equation of state hydro pneumatic in the suspension is: 
=
(2) where P 10 and V 10 are the initial pressure and volume of the gas; P 1 and V 1 are the instantaneous pressure and volume of the gas; r is the polytropic constant. While damping is not considered, there is the following relationship:
The expression of elastic force is: ) (
In the hydro pneumatic suspension system, the gas filling the suspension cylinder is as the original elastic. The volume elastic modulus of gas is much smaller than the bulk modulus of oil. So the effect of the oil compressibility on the stiffness is ignored. And the damping characteristics are also ignored in the discussion of the stiffness characteristics of the hydro pneumatic suspension. The inert gas in hydro pneumatic suspension plays a role of the elastic component. And the variable exponent of the inert gas varies with the different change of the inert gas, so the stiffness characteristic of the hydro pneumatic suspension is closely related to the variable exponent of the inert gas.
The stiffness of the hydro pneumatic suspension can be divided into static stiffness and dynamic stiffness. The stiffness of the hydro pneumatic suspension is the static stiffness when the piston rod moves slowly relative to the cylinder. And it is assumed that the inert gas is changed in an isothermal state in this process. While the stiffness of the hydro pneumatic suspension is the dynamic stiffness when the piston rod moves rapidly with respect to the cylinder. And it is assumed that the inert gas varies according to the adiabatic condition in this process.
The gas variable index is equal to 1 when it is to calculate the static stiffness of the hydro pneumatic suspension according to the formula (6) . And the gas variable index is equal to 1.73 while calculating the dynamic stiffness. The stiffness characteristcs of the mining vehicle is showed as Fig.2 . As can be seen from Fig. 2 , the dynamic stiffness is greater than the static stiffness in the same displacement, and the dynamic stiffness changes faster with the change of the displacement. The stiffness characteristic curve of the hydro pneumatic suspension shows the significant non-linearity. The stiffness characteristics which increases obviously with the increase of displacement can improve the ride comfort of the vehicle in various road surfaces. The input displacement of the suspension is not obvious and the change of the stiffness is not obvious when the vehicle is running on the better road, so the ride comfort of the vehicle can be better on the road. The stiffness of the suspension increases with the increase of the displacement while the vehicle runs on the poor road. And the vehicle has great anti impact ability while driving in poor pavement to ensure the ride comfort of vehicles. Therefore, the use of hydro pneumatic suspension of the vehicle can keep the ride comfort in the good and poor road. This advantages are that the traditional suspension is difficult to achieved.
Influence of structural parameters on stiffness characteristics
It is can be seen from formula (6), the stiffness of the hydro pneumatic suspension system is relative to its structural parameters and the sprung mass in addition to its input displacement. The structural parameters affecting the stiffness of the hydro pneumatic suspension include the area of the A cavity, the area of the C cavity, the initial air volume. The basic structural parameters are the diameters of the cylinder and the piston rod associated with the area of the A cavity and the area of the C cavity. The influence of the diameters of the cylinder and the piston rod and the initial air volume on the stiffness of the hydro pneumatic suspension are analyzed as the following.
(1) The diameter of the piston rod Increasing the area of the A cavity and decreasing the area of the C cavity have the same influence trend on the stiffness of the hydro pneumatic suspension, so it is only to analyze the influence of the diameter of the piston rod on the stiffness. Fig.3 shows the effect of the diameter of the piston rod on the stiffness of the hydro pneumatic suspension. Fig.4 , the stiffness of the hydro pneumatic suspension is obviously reduced with the increase of the initial air volume under the same input displacement. Therefore, it is an effective and convenient method to adjust the stiffness of the hydro pneumatic by adjusting the initial air volume after the diameters of the cylinder and the piston rod is determined. The adjustment of the initial air volume can be realized only by changing the height of the gas in the A chamber when the diameters of the cylinder and the piston rod are determined. Due to the limitation of the actual stroke of the hydro pneumatic suspension, the height of the initial gas can not be too large, and the height of the initial gas can not be too small. If the initial gas height is too small, the stiffness of the hydro pneumatic suspension is very large to result in that the inherent frequency of the spring load is high and the vehicle ride comfort is worse. Therefore, the initial air volume for hydro suspension design is very necessary.
Conclusion
In this paper the stiffness calculation of hydro pneumatic suspension system has been completed. The influence of different structural parameter on the nonlinear stiffness characteristics of hydro-pneumatic suspension system has been simulated with MATLAB/Simulink software. The simulation results indicate that the hydro-pneumatic suspension system has the nonlinear stiffness characteristics. The dynamic stiffness is greater than the static stiffness in the same displacement, and the dynamic stiffness changes faster with the displacement. The stiffness of hydro-pneumatic suspension cylinder decreases with the increase of the initial air volume and the diameter of the piston rod.
